Abstract: Agroforestry systems play an important role in the sequestration of carbon (C) to reduce atmospheric carbon dioxide (CO 2 ) levels. However, the extent of long-term C sequestration will depend on physical stabilization of the sequestered C. This study determined the influence of six major shelterbelt species on soil organic carbon (SOC) distribution in the light-and heavy-density fractions of bulk soil compared with adjacent agricultural fields. Soil samples were collected from the shelterbelts and adjacent agricultural fields and were separated into light and heavy fractions using sodium iodide solution (NaI, density = 1.6 g cm −3 ) and analyzed for their organic C stocks. Both the light and heavy fractions to a 50 cm soil depth contained higher SOC stocks for the shelterbelts (21 and 91 Mg C ha −1 , respectively) compared with the adjacent agricultural fields (14 and 81 Mg C ha −1 , respectively). Most SOC added at the 0-10 cm soil depth was in the form of labile light fraction (92%), whereas heavy fraction contributed to 70% of the increase in the SOC stocks at the 10-30 cm soil depth. Increase in light-fraction SOC stocks was higher for coniferous species compared with hardwood species, and accounted for 48%-50% and 28%-31% of the increase in SOC stocks for coniferous and hardwood shelterbelts, respectively. This trend was attributed to the differences in the amount and quality of litter between coniferous and hardwood species.
Introduction
Soils are the largest reservoir of organic carbon (C) in the terrestrial ecosystems, and contain about twice the amount of C present in the atmosphere (Post et al. 1982) . As such, soil organic carbon (SOC) plays an important role in global C cycling, representing an important strategy in the mitigation of atmospheric greenhouse gas (GHG) emissions through SOC sequestration (Lal 2004; Smith et al. 2008) . Agroforestry systems, such as shelterbelts, have a high potential to accumulate C in the soils due to increased input of litter associated with aboveground foliage and deep root systems (Nair et al. 2009b; Lorenz and Lal 2014) . Thus, agroforestry systems are considered as one of the major strategies for soil C sequestration and mitigation of GHGs within agroecosystems (Nair et al. 2009a (Nair et al. , 2010 . Nevertheless, to determine their long-term soil C sequestration potential, the influence of agroforestry systems on the stabilization of SOC, along with its storage and accumulation, needs to be evaluated. Stability of SOC is affected by quantity and quality of litter inputs (Prescott et al. 2000; Lorenz and Lal 2005) as well as diversity and abundance of soil microorganisms and macrofauna (González and Seastedt 2001; Hättenschwiler et al. 2005; Hedde et al. 2007) , which, in turn are influenced by incorporation of trees (DeBellis et al. 2006; Lamarche et al. 2007; Laganière et al. 2009 ). Planting trees also improves soil physical properties such as soil aggregation, which may enhance stabilization of SOC (Blanco-Canqui et al. 2007; Sarkhot et al. 2008) . Some studies that have determined the effect of tree establishment on the stability of C, have reported a significant increase in only the labile C pools (Leite et al. 2014; Baah-Acheamfour et al. 2015) ; while other studies have suggested an increase in the stable C pools (Garten 2002; Teklay and Chang 2008; Youkhana and Idol 2011) . Overall, the contribution of different physical and chemical processes for stabilization of C in soils under agroforestry systems is not well understood (Jastrow et al. 2006; Lorenz and Lal 2014) .
There is considerable heterogeneity in the physical and chemical forms and functions of the soil organic compounds (Piccolo 2002) , thus limiting our understanding of key factors that regulate soil C dynamics, and our ability to predict long-term C sequestration potential of soils. To overcome the problem posed by soil organic matter (SOM) heterogeneity, SOM is divided into distinct pools, which are linked to different structural or functional components of SOM, and thereby, to different rates of biological turnover (Wander 2004; von Lützow et al. 2007 ). Density fractionation is one of the techniques, which involves physical separation of SOM into a low-density fraction composed of partly decomposed plant debris (called light fraction) and a heavy-density fraction composed of SOM adsorbed on the mineral surfaces or encrusted with small mineral particles (called heavy fraction) (Christensen 1992; Wagai et al. 2009 ).
The light fraction represents an active, labile pool with a residence time of a few months to several years and the heavy fraction represents the passive, recalcitrant pool with a residence time in the order of decades (Schimel et al. 1994; Torn et al. 2009 ). The light fraction (LF) decomposes rapidly compared with the heavy fraction (HF), primarily due to the lack of protection by inorganic colloids (Spycher et al. 1983; Boone 1994 ). However, it plays an important role in the cycling of nutrients and maintenance of soil productivity (Janzen et al. 1992; Haynes 2005) . The heavy fraction, on the other hand, is stabilized by complexation with mineral-surfaces and forms a major component of the old, recalcitrant SOM pool (Gregorich et al. 1996) . Isolation and quantification of these C pools and their dynamics can help determine the effects of land management practices on soil C sequestration potential as well as its quality and fertility.
This study builds on our recent work in determining the amount of SOC sequestrated by major shelterbelt species in Saskatchewan (Dhillon and Van Rees 2017) . The primary goal of this study is to determine the influence of shelterbelts on the organo-mineral association of SOC compared with the adjacent agricultural fields, to assess their potential for long-term storage of SOC. Organo-mineral association of SOC was studied through the determination of SOC stored in light-and heavydensity fractions of the whole soil up to 50 cm soil depth for six major hardwood and coniferous shelterbelt species and their adjacent agricultural fields. The specific questions that were addressed in this study were
•
How do the shelterbelts affect the amount of SOC contained in the light-and heavy-density fractions compared with adjacent agricultural fields?
• What is the influence of different shelterbelt species on the relative contribution of light and heavy fractions to SOC sequestration by shelterbelt agroforestry systems?
Materials and Methods
Site selection and sampling procedure Soil sampling was performed for six major shelterbelt species -green ash (Fraxinus pennsylvanica), hybrid poplar (Populus spp.), Manitoba maple (Acer negundo), white spruce (Picea glauca), Scots pine (Pinus sylvestris), and caragana (Caragana arborescens). For the selection of sampling sites, 42 climatic, site, and soil variables summarized at ecodistrict level from the National Ecological Framework for Canada and Soil Landscapes of Canada data sets, were used for grouping of 106 ecodistricts in agricultural Saskatchewan into 31 homogenous clusters. The cluster with the highest number of trees shipped for shelterbelt planting of a particular species, according to tree orders database by Prairie Farm Rehabilitation Administration, was chosen for the sampling of that shelterbelt species. Randomized branch sampling technique, originally developed to estimate scattered tree components, such as fruits and leaves (Jessen 1955; Valentine and Hilton 1977) , was used in this study to select sampling sites for shelterbelt species within their chosen cluster, at the ecodistrict level, SLC polygon level and subsequently at the farm level, following the procedure by Amichev et al. (2016) . Accordingly, a total of 59 sampling sites were chosen for this study, ranging in age of the shelterbelts from 5 to 63 yr. These sites included 11 sites for Scots pine shelterbelts, 10 sites for hybrid poplar, Manitoba maple, and caragana shelterbelts, and 9 sites for green ash and white spruce shelterbelts (Fig. 1) . Additional details about the variables used for clustering and the site-selection procedure are provided in Amichev et al (2015 Amichev et al ( , 2016 .
At each sampling site, soil samples were obtained from the shelterbelt and adjacent agricultural field, using the paired-site design. Soil samples were obtained from three locations, 20 m apart, in the shelterbelt and adjacent agricultural field, at 0-5, 5-10, 10-30, and 30-50 cm depths using a hand auger. Sampling transects within agricultural fields were at 50-100 m distance from shelterbelts, to avoid the influence of shelterbelt trees on soil samples obtained from agricultural fields. Samples were air-dried at room temperature, crushed, and passed through a 2 mm sieve to separate and discard the coarse stone fragments. These soil samples were used for the laboratory analysis, including density fractionation and C measurement of density fractions and whole soils. In addition, soil bulk density was also measured within the shelterbelt and field sites by using a core sampler (5.4 cm diameter × 3 cm length) to obtain samples at 5, 20, and 40 cm from the soil surface, thus, providing bulk density estimates for 0-10, 10-30, and 30-50 cm soil depths, respectively. The soil samples were oven-dried at 105°C for 24 h, and the oven-dried mass of the samples was divided with the volume of the core to obtain soil bulk density.
Laboratory analysis
The density fractionation technique was used to separate the soil into light and heavy fractions, using the process described in Janzen et al. (1992) . Briefly, 10 g of coarsely ground (<2 mm) soil was added to a centrifuge tube along with 40 mL of sodium iodide (NaI) solution. The specific density of NaI solution was 1.6 g cm , as recommended by Cerli et al. (2012) . The tubes were shaken on a shaker for 30 min and then centrifuged at 3000 rpm for 10 min to accelerate the sedimentation of heavy particles. The light fraction, suspended on the surface of the solution, was aspirated together with the solution and filtered using a fiberglass filter (Whatman GF/A, 47 mm diameter). This process was repeated until there was no more light fraction suspended in the solution, indicating that the light and heavy fractions had separated completely. The light and heavy fractions were washed with 50 mL of 0.01 mol L -1 CaCl 2 , followed by 50 mL of deionized water and dried at 60°C for 48 h. Finally, the dried samples were weighed, ground, and analyzed for organic C concentration using an automated C632 LECO analyzer (LECO Corporation, St. Joseph, MI, USA), following the HCl-fumigation pretreatment of samples to remove the carbonates (Harris et al. 2001; Dhillon et al. 2015) . Carbon concentration The depth-weighted mean light-and heavy-fraction SOC concentrations for the whole soil profile (0-50 cm soil depth) were calculated by using the formula
where C 0-50 represents the weighted average of light (or heavy) fraction SOC concentration for 0-50 cm soil depth, Ci represents the SOC concentration of the light (or heavy) fractions, and di represents the depth of soil layers, for 0-5, 5-10, 10-30, and 30-50 cm soil depths, respectively. Furthermore, the SOC concentration of the fractions and the measured bulk density of soil were used to calculate the SOC stocks (Mg C ha −1 ) within the light and heavy fractions, using the formula
where Ci represents SOC concentration of the fraction (g C kg −1 of soil), BDi represents the soil bulk density, and di represents the depth of soil layers, for soil depths 0-5, 5-10, 10-30, and 30-50 cm, respectively.
Statistical analysis
Two-way mixed analysis of variance (ANOVA) procedure was used to determine the differences between shelterbelts and fields, with the land cover (i.e., shelterbelts vs. agricultural fields) analyzed as within-subject factor. The effects of land cover was determined separately for different shelterbelt species through the determination of simple main effects, if the main effect of the landuse was significant, or if the interaction between land cover and shelterbelt species was significant.
The differences in the light-and heavy-fraction SOC concentration and stocks among the shelterbelt species were tested by using one-way analysis of variance (ANOVA). To further study the influence of different shelterbelt species on the proportion of light-and heavy-fraction SOC stocks added to the soils, one-way analysis of covariance (ANCOVA; Huitema 2011) was performed, with the increase in SOC stocks taken as the covariate. In this analysis, estimated marginal means (EMM) were calculated by controlling for the variation due to the difference in SOC stocks, such that the EMM's represented the change in light (or heavy) fractions for different shelterbelt species, for an equivalent increase in SOC stocks. Post hoc analysis was performed by using Fisher's LSD analysis. A p value of 0.1 was used to signify statistical significance. This was done to reduce the risk of type II error, since a significant variation in soil properties and agronomic practices within different sites may be expected due to the geographic expansion of the study. Statistical analysis was performed using IBM SPSS Statistics version 23 (IBM Corp. 2013, Armonk, NY, USA).
Results

General distribution of light and heavy fractions in the bulk soil Mass proportions and C concentration of light and heavy fractions
Characteristics of density fractions in the bulk soil associated with sampling depths are listed in Table 1 . On average, the masses of light and heavy fractions accounted for 4.4% and 91.3% of the dry soil mass, respectively, across the soil profile (0-50 cm). Averaged across both land covers (i.e., shelterbelts and agricultural fields), the percentage mass of light fraction decreased with soil depth from 8.6% at 0-5 cm to 1.9% at 30-50 cm, whereas the percentage mass of heavy fraction increased from 86.9% at 0-5 cm to 93.8% at 30-50 cm. Similarly, the C concentration (g C kg −1 of fraction) of both fractions decreased with soil depth (Table 1) . However, C concentration of the light fraction was significantly higher than the heavy fraction at all depths (p < 0.001; Table 1 ). On average, the C concentration of the light fraction was 60 g C kg −1 , whereas the C concentration of heavy fraction was 16 g C kg −1 across all land covers and soil depths.
Light-and heavy-fraction SOC concentration
Average recovery of SOC in the density fractions was 94% across all soil depths and shelterbelt species. The majority of SOC was contained in the heavy fraction at all soil depths (Fig. 2) . Across both land covers, heavyfraction SOC accounted for 68% of the total SOC concentration at the 0-5 cm depth, 74% at the 5-10 cm depth, 78% at the 10-30 cm depth, and 86% at the 30-50 cm depth. Light-fraction SOC concentration was higher in the surface soil layers compared with the deeper layers. Light-fraction SOC accounted for 27%, 20%, 16%, and 8% of the total SOC concentration at the 0-5, 5-10, 10-30, and 30-50 cm soil depths, respectively (Fig. 2) .
Effect of shelterbelts on light and heavy fractions in comparison to agricultural fields Mass proportion and C concentration Significant differences were observed among shelterbelts and agricultural fields with respect to the mass distribution as well as carbon concentration (g C kg −1 of fraction) of the light and heavy fractions with soil depth (Table 1 ). In terms of mass percentage of whole soil, shelterbelts had a higher amount of light fraction but lower amounts of heavy fraction than the agricultural fields down to 30 cm soil depth (Table 1) . However, there was a significant increase in the C concentration of the light fraction (up to 30 cm depth) and heavy fraction (up to 50 cm depth) for the shelterbelts compared with agricultural fields. Mean C concentration increased by 26% and 24% for the light and heavy fractions, respectively, for the shelterbelts compared with the agricultural fields.
Light-and heavy-fraction SOC concentration SOC concentration of both density fractions was higher for shelterbelts compared with agricultural fields at all depths (Fig. 2) . Averaged to 50 cm soil depth, shelterbelts had 71% more SOC in the light fraction and 22% more SOC in the heavy fraction compared with the agricultural fields. Increase in the light-fraction SOC concentration was higher at the top of the soil profile compared with deeper layers (Fig. 2) . At the 0-5 cm soil depth, SOC concentration in the light fraction was 115% (7.3 g kg −1 ) higher in the shelterbelts than the adjacent agricultural fields across all the sites. Moving down the soil profile, the increase in light-fraction SOC concentration was less pronounced at 5-10 (51%; 2.4 g kg −1 ), 10-30 (61%;
1.3 g kg −1 ), and 30-50 cm (30%; 0.2 g kg −1 ) soil depths.
Heavy-fraction SOC concentration increased under the shelterbelts compared with agricultural fields by 16% at the 0-5 and 5-10 cm soil depths (3.7 and 3.2 g kg −1 , respectively), 39% at 10-30 cm depth (4.7 g kg −1 ), and 7%
at 30-50 cm soil depth (0.6 g kg −1
; Fig. 2 ).
Contribution of density fractions to increase in SOC stocks
On average, there was an increase of 18.6 Mg ha −1 of SOC stocks for the shelterbelts compared with agricultural fields up to 50 cm soil depth (Dhillon and Van Rees 2017) . Light and heavy fractions accounted for 7 Mg ha −1 (38%) and 10.4 Mg ha −1 (56%) of the increase in SOC stocks under shelterbelts, respectively. Thus, the contribution of light fraction to the increase in SOC stocks was higher than its relative proportion in the SOC stocks, which ranged from 9% to 19% for fields and 10% to 27% for the shelterbelts, respectively. Because the SOC added to the Note: Values with same lowercased letters within a column at each soil depth indicate no significant difference at p < 0.1. *, indicates that there was a significant interaction between land cover and shelterbelt species, and thus, the main effects have not been reported. soil was enriched in the light-fraction C, it led to an increase in the proportion of light fraction in the SOC stocks with the increase in shelterbelt age (Fig. 3) . Lightfraction SOC was especially important in the surface layer, where it accounted for 92% of the total increase in SOC stocks (Fig. 4) . At the 10-30 cm depth, heavy-fraction SOC increased more than light-fraction SOC, such that only 22% of the increase in SOC stocks was in the form of light fraction and 70% of the increase in SOC stocks was in the form of heavy fraction. At the 30-50 cm soil depth, light and heavy fractions contributed to 37% and 60% of the increase in SOC stocks, respectively.
Influence of shelterbelt species on light and heavy fractions
The increase in the light-and heavy-fraction SOC concentration for shelterbelts compared with agricultural fields also differed with shelterbelt species (Figs. 5 and 6; Table 2 ). The increase in light-fraction SOC concentration for shelterbelts compared with agricultural fields was significantly higher for hybrid poplar, white spruce, and Scots pine shelterbelts compared with the other species at the surface layer (0-5 cm; Fig. 5 ). In the subsurface layers, differences in the increase of light-fraction SOC concentration among species were not statistically significant. The increase in heavyfraction SOC concentration for shelterbelts, compared with adjacent agricultural fields, was significantly higher for hybrid poplar than green ash, Manitoba maple, and caragana species at the 0-5 and 10-30 cm soil depths (Fig. 6) . In terms of SOC stocks, maximum increase in light-fraction SOC stocks was observed for hybrid poplar, white spruce, and Scots pine shelterbelts (11, 10, and 10 Mg C ha −1 , respectively; Table 3 ). ) at the 0-10, 10-30, and 30-50 cm soil depths across all shelterbelt species. Error bars indicate standard error (n = 59). Bars with the same letter for a given soil depth indicate no significant difference at p < 0.1.
Maximum accumulation in the SOC stocks of the heavy fraction was observed for hybrid poplar shelterbelts (26 Mg ha −1 ), followed by green ash (10 Mg ha −1 ) and white spruce (9 Mg ha −1
; Table 3 ). To understand the effect of different shelterbelt species on the proportion of light-and heavy-fraction SOC stocks added to the soil, the changes in these fractions were studied for an equivalent increase in SOC stocks for the different shelterbelt species by using ANCOVA. The results indicated a statistically significant difference among shelterbelt species for the change in light (F [5, 52] = 4.138, p = 0.003) and heavy (F [5, 52] = 5.885, p < 0.001) fraction SOC stocks, after controlling for the difference in SOC stock among species (Table 4) . EMMs showed a higher increase in the light-fraction SOC stocks for white spruce and Scots pine shelterbelts than the other shelterbelt species, for an equivalent increase in SOC stocks (Table 4 ). In contrast, the increase in heavy-fraction SOC stocks was higher for hybrid poplar, green ash, Manitoba maple, and caragana species, compared with white spruce and Scots pine, for an equivalent increase in SOC stocks. These results were also supported by the relative proportion of SOC sequestered in light and heavy fractions for different shelterbelt species (Table 4) . Light fraction accounted for 50%, 49%, and 48% of the total increase in SOC stocks for Scots pine, white spruce, and caragana, respectively; however, the contribution of light fraction to the total increase in SOC stocks was lower for green ash (31%), hybrid poplar (29%), and Manitoba maple (29%).
Discussion
General characteristics of light and heavy fraction
The light fraction accounted for 10%-27% of the SOC stock for the shelterbelts and 9%-19% of the SOC stock for the agricultural fields. These results are within the range of values reported in the literature for soils under permanent vegetation (15%-40%; Christensen 2001) and for arable soils (9%-24%; Bremer et al. 1994 ). The light fraction accounted for a larger proportion of SOC in the surface layers compared with deeper layers under both landuse systems (Fig. 2) . Similar observations regarding the distribution of light and heavy fractions have been made by other studies such as Janzen et al. (1992) and Spycher et al. (1983) for agricultural and forest soils, respectively. This trend is attributed to the distribution of plant detrital inputs through the soil profile (Spycher et al. 1983) . Average recovery of SOC during the density fractionation was 94% across all treatments. Incomplete recovery of SOC during the fractionation procedure may Fig. 5 . The difference in SOC concentration (g C kg −1 ) of the light fraction of different shelterbelt species [HP, hybrid poplar (n = 10); WS, white spruce (n = 9); GA, green ash (n = 9); MM, Manitoba maple (n = 10); CR, caragana (n = 10); SP, Scots pine (n = 11)] compared with the adjacent agricultural fields at 0-5, 5-10, 10-30, and 30-50 cm soil depths. Shelterbelt species with same letter are not significantly different at p < 0.1, according to Fisher's LSD analysis.
be due to the loss of soluble organic compounds in the discarded filtrate during repeated washing (Cerli et al. 2012) and complex formation between organic matter and the iodide (I − ) anion of the NaI solution, which also may lead to loss of SOM (Conceição et al. 2007 ).
Effect of shelterbelts on light-and heavy-fraction SOC in comparison to agricultural fields
Shelterbelts led to a greater accumulation of SOC concentration as well as stocks in the light as well as heavy fraction compared with agricultural fields (Tables 2 and 3 ). The increase in light-fraction SOC content is due to higher litter input in shelterbelts (Lorenz and Lal 2014) , which is the source of uncomplexed plant debris comprising the light fraction. Other studies reported a similar increase in the light-fraction SOC following increased additions of organic material to the soil as a result of practices such as no-tillage, residue management, and tree mulching (Paulis 2007; Youkhana and Idol 2011) . Accumulation of light-fraction SOC content under shelterbelts may also be due to conditions favoring reduced decomposition of plant detritus from reduced tillage (Dick et al. 1998; West and Post 2002) and differences in litter quality and microclimate (Mungai and Motavalli 2006) compared with agricultural fields. An increase in SOC content of the heavy fraction represents increased complexation of organic matter with the soil minerals under the shelterbelts compared with agricultural fields. These results are in agreement with the studies by Youkhana and Idol (2011) and Garten (2002) , who reported an increase in mineralassociated C pools in response to planting of trees. Increases in mineral-associated organic matter can be attributed to diffusion of fine organic particles, formed during the enzymatic breakdown of plant material, into soil pores and their adsorption on mineral surfaces (Leifeld and Kögel-Knabner 2005) . In addition, oxidative degradation and solubilization of plant litter produces dissolved organic matter (DOM), which passes through the soil profile and adsorbs onto the reactive mineral surfaces to form mineral-associated organic matter (Kaiser and Guggenberger 2000) .
The relative increase of light-fraction SOC for the shelterbelts was greater compared with heavy-fraction SOC, both in terms of SOC concentration (LF 71%, HF 22%; Table 2 ) and SOC stocks (LF 48%, HF 13%; Table 3 ), leading to the enrichment of light-fraction SOC for the shelterbelts with age (Fig. 3) . This is in agreement with other studies, which reported that the light-fraction C is more responsive to land use and management changes, compared with the stable fraction or bulk soil (Janzen et al. 1992 ; Fig. 6 . The difference in SOC concentration (g C kg −1 ) of the heavy fraction of different shelterbelt species [HP, hybrid poplar (n = 10); WS, white spruce (n = 9); GA, green ash (n = 9); MM, Manitoba maple (n = 10); CR, caragana (n = 10); SP, Scots pine (n = 11)] compared with the adjacent agricultural fields at 0-5, 5-10, 10-30, and 30-50 cm soil depths. Shelterbelt species with same letter are not significantly different at p < 0.1, according to Fisher's LSD analysis. Bremer et al. 1994; Gregorich et al. 2006) . However, organic C in the light fraction decomposes quickly and has a relatively short residence time compared with mineral-associated organic C in the heavy fraction (Christensen 1996) . The importance of reactive soil mineral phases such as aluminum (Al) and iron (Fe) oxyhydroxides for the stabilization of organic matter has been demonstrated through incubation experiments (Jones and Edwards 1998; Miltner and Zech 1998) . Whalen et al. (2000) observed negligible mineralization of C from the mineral-associated component of cultivated and forest soils, indicating that the heavy fraction of soils could be a major sink for C storage in soils. Consequently, the increase in SOC stocks of the heavy fraction under shelterbelts may represent more stable, long-term sequestration of atmospheric C in soils. In contrast, SOC sequestered in the light fraction may be lost rapidly in response to future changes in climate (Garten et al. 1999) and land use or management practices (Bremer et al. 1994; Post and Kwon 2000) . Nevertheless, despite the dynamic nature and shorter turnover time of the light fraction (Spycher et al. 1983) , it plays an important role in rapid accumulation of soil C especially in low-quality, coarse-textured soils (Garten 2002; Baah-Acheamfour et al. 2015) as well as in cycling of nutrients and as a source of energy for soil organisms (Janzen et al. 1992; Haynes 2005) .
Contribution of light and heavy fractions to the increase in SOC stocks SOC sequestered by shelterbelts was dominated by the contribution from the light-fraction SOC stocks in the surface layers, and the heavy-fraction SOC stocks in the deeper layers (Fig. 4) , indicating different sources and mechanisms of SOC accrual in the surface and deeper Note: Values with the same lowercase letters for shelterbelts and agricultural fields indicate no significant difference at p < 0.1, determined using two-way mixed ANOVA. 'n' is equal to 10 for hybrid poplar, Manitoba maple, and caragana shelterbelts and their adjacent agricultural fields, equal to 9 for white spruce and green ash shelterbelts and their adjacent agricultural fields, and equal to 11 for Scots pine shelterbelts and its adjacent agricultural fields.
layers. Tree litter is the primary C input in the surface layers, while the subsurface layers are dominated by C inputs through root-derived compounds and rhizodeposition (Rasse et al. 2005; Lorenz and Lal 2014) . Close association of root-derived products with the soil mineral matrix tends to enhance their physical interaction and stabilization (Oades 1995) . Root-derived organic acids are also readily sorbed onto the soil mineral phase due to the negative charge associated with their functional groups (Jones 1998) . Subsurface horizons, with comparatively low organic matter content, have higher available specific surface area of the minerals, which enhances effective adsorption of organic matter at mineral sites (Kaiser and Guggenberger 2003) . A combination of these factors may have resulted in a higher contribution of mineral-associated components to soil C accrual in the subsurface layers. Increased association of SOC with the soil mineral surfaces, along with high SOC accumulation (Dhillon and Van Rees 2017) at the 10-30 cm soil depth, indicates that the subsurface layers may play an important role in long-term storage of C under shelterbelts.
Influence of shelterbelt species on light-and heavyfraction SOC Results of our study suggest that tree species affect the distribution of SOC stocks into physical density fractions (Table 4) . This observation is supported by other studies that observed the influence of tree species on physicochemical stabilization of OC within the size and density fractions of soil (Blanco-Canqui et al. 2007; Woldeselassie et al. 2012) . The coniferous species, white spruce and Scots pine, led to a higher increase in SOC stocks of the labile light fraction, in contrast to hybrid poplar, Manitoba maple, green ash, and caragana that led to a higher increase in the stable heavy fraction for an equivalent increase in the sequestered SOC (Table 4) . Variance in the contribution of light and heavy fractions to sequestered SOC for coniferous and hardwood shelterbelts may be explained by the differences in the amounts and quality of litterfall inputs within the shelterbelt species. The coniferous shelterbelts had a higher density of tree litter accumulated on the ground, than the broadleaved species, as described in another study (Dhillon and Van Rees 2017) . Moreover, the coniferous litter, primarily composed of needles and cones, generally has a lower decomposition rate due to its acidic nature, complex molecular structure, and higher lignin and polyphenol content than the broadleaf litter (Prescott et al. 2000) . These factors may account for lower mineralization rates of the coniferous litter, leading to the accumulation of partially decomposed uncomplexed organic matter under shelterbelts. In contrast, broadleaf litter decomposes faster compared with the coniferous litter (Perry et al. 1987; Laganière et al. 2010 ) and hence Note: Values are the means with standard error in parentheses. Mean values with the same lowercase letters for shelterbelts and agricultural fields indicate no significant difference at p < 0.1, determined using two-way mixed ANOVA. 'n' is equal to 10 for hybrid poplar, Manitoba maple, and caragana shelterbelts and their adjacent agricultural fields, equal to 9 for white spruce and green ash shelterbelts and their adjacent agricultural fields, and equal to 11 for Scots pine shelterbelts and its adjacent agricultural fields.
*HP, hybrid poplar; WS, white spruce; GA, green ash; MM, Manitoba maple; CR, caragana; SP, Scots pine. may produce greater dissolved organic carbon (DOC) flux from the surface to the deeper soil layers. Hongve et al. (2000) observed that the leachate from deciduous litter contained significantly higher concentration of DOC than spruce litter. Increased production of DOC facilitates its adsorption on soil-mineral surfaces, thus contributing to the higher proportion of the mineral-associated fraction for these tree species (Woldeselassie et al. 2012) . Besides litter quality, other factors may also affect the relative abundance of light and heavy fractions. Bu et al. (2012) observed a higher contribution of the light-fraction C to SOC under coniferous vegetation and attributed it partially to the greater amount of fine root biomass under the conifers. Similarly, Laganière et al. (2011) attributed the higher proportion of uncomplexed organic matter under black spruce compared with aspen, to microclimatic conditions such as low temperature, high soil moisture, and low light penetration, which constrain microbial decomposition of litter, besides the litter quality.
Conclusions
Our study demonstrates that shelterbelts can increase the storage of SOC within the labile light fraction as well as the stable heavy fraction of soil compared with agricultural fields. A major portion of the SOC added was in the form of uncomplexed, plant derived debris (i.e., light fraction), but there was also a significant increase in the mineral-associated component of OM (i.e., heavy fraction) for the shelterbelts. The relative contribution of the density fractions to SOC sequestration varied with the shelterbelt species. The light fraction constituted a higher component of the SOC accumulated under white spruce and Scots pine, suggesting lower decomposability of the coniferous litter, than the broadleaved species. On the other hand, greater SOC storage under hardwood species was associated with mineral soils and protected through adsorption to clay surfaces. Results also showed that the majority of SOC accumulated at the 10-30 cm soil depth was stabilized through association with minerals, whereas most of the SOC added in the surface layer (0-10 cm soil depth) was in the form of more labile light fraction. This observation underscores the importance of subsurface soil layers in long-term sequestration of SOC in soil. Overall, this study highlights the potential benefits of shelterbelts towards mitigation of GHG and improvement of soil quality through the addition of SOC to soils. Note: Values in parentheses represent standard error. Values with the same lowercase letters for different shelterbelt species within the light fraction, heavy fraction, and whole soil indicate no significant difference at p < 0.1, according to Fisher's LSD analysis. 'n' is equal to 10 for hybrid poplar, Manitoba maple and caragana shelterbelts, equal to 9 for white spruce and green ash shelterbelts, and equal to 11 for Scots pine shelterbelts.
*HP, hybrid poplar; WS, white spruce; GA, green ash; MM, Manitoba maple; CR, caragana; SP, Scots pine.
